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HfO, thin films were grown by atomic layer deposition (ALD) using a novel heteroleptic precursor,
tert-butoxytris(ethylmethylamido)hafnium [HfFO'Bu(NEtMe);; BTEMAH] and ozone. The structure of
BTEMAH is similar to that of tetrakis(ethylmethylamido)hafnium [Hf(NEtMe),; TEMAH] except
that one of its four amido ligands is replaced with a ferz-butoxy ligand. This heteroleptic structure
largely improves the ALD growth rate (0.16 nm cycle™') and Hf density (Hf mass per unit volume of
HfO, film, 7.6 g cm~?) of the HfO, films. The self-regulated ALD growth behavior was confirmed at
a growth temperature of 300 °C. Higher Hf density induces anti-crystallization properties in the
as-grown film. Consequently, the amorphous phase of a HfO, film is retained up to ~15 nm during
deposition at 300 °C. The more amorphous-like nature and the higher Hf density of the HfO, film also
retard crystallization during post-deposition annealing (PDA), which strongly enhances the thermal
stability of the electrical performance. The capacitance equivalent thickness of the films with
thicknesses ranging from 4 to 13 nm is relatively constant up to a PDA temperature of 1000 °C.

Introduction

Atomic layer deposition (ALD) is considered to be a promising
method for growing various thin films, including oxides, nitrides,
and metals, on account of its excellent thickness control, uniform
growth over large areas, conformal growth on three dimensional
structures and relatively low growth temperature compared with
chemical vapor deposition (CVD).'* In ALD, the metal
precursor and reactant molecules are alternately pulsed to
a reactor at low temperatures in order to avoid thermal decom-
position. Between the two pulses, an inert gas is supplied to purge
the excess amount of precursor and reactant. Therefore, the
growth rate of ALD is not accelerated by increasing the doses of
the precursor and reactant, and is rather self-limited by chemi-
sorption. However, the generally low growth rate (film thickness
increase per cycle, typically lower than ~0.1 nm cycle™") of ALD
restricts its application to thinner films in the fabrication of
semiconductor devices.

Recently, ALD of HfO, has been studied extensively as
a possible replacement for the gate oxide (SiO,) in field effect
transistors (FETs) owing to its high dielectric constant and
thermal stability on silicon surface.*'' The most frequently
investigated precursors for ALD of HfO, are hafnium tetra-
chloride (HfCl,),>” tetrakis(zert-butoxy)hafnium [Hf(O'Bu),]® or
tetrakis(alkylamido)hafnium [Hf(NRR,)4].>** The growth rate
of HfO, films from HfCl4 and H,O is only ~0.05 nm cycle™' at
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300 °C.57 Hf(O'Bu), is vulnerable to easy thermal decomposi-
tion, which precludes the proper operation of a self-limiting
mechanism.? The use of tetrakis(alkylamido)hafnium precursors
with water or ozone generally increases the growth rate of HfO,
up to almost 0.1 nm cycle "> The vapor pressures for
tetrakis(diethylamido)hafnium (TDEAH; R; = R, = Et),
tetrakis(ethylmethylamido)hafnium (TEMAH; R; = Et, R, =
Me), and tetrakis(dimethylamido)hafnium (TDMAH; R; = R,
= Me) at 70 °C are 0.04, 0.3 and 1.9 Torr, respectively.'?
Although the growth rate of HfO, using these precursors is
double that of HfCl,, it is still unsatisfactorily low. A
cyclopentadienyl Hf precursor can be used for ALD of HfO, up
to 500 °C without thermal decomposition but its growth rate is
still approximately 0.05 nm cycle '3

The other problem with HfO, as a high-k gate dielectric film
grown by ALD is crystallization during deposition when the film
thickness is greater than ~5 nm for processes using HfCl, and
H,O (ref. 5) and greater than ~8 nm for TDMAH and H,0.**
Crystallized high-k gate dielectric films generally have inferior
leakage current, reliability, carrier mobility in the channels and
thermal stability during post-deposition annealing (PDA) to
those of amorphous high-k films. The low growth temperature
of ALD processes (less than ~300 °C) generally produces
amorphous films during deposition when the films are thinner.
As the film becomes thicker with increasing number of deposition
cycles, crystalization is driven by the higher bulk free energy of
the amorphous materials compared with that of the crystalline
material. In the case of a thin film under a critical thickness
(the thickness where the transition from amorphous to crystalline
occurs), the decrease in bulk free energy by crystallization cannot
compensate for the increase in free energy due to the formation
of grain boundaries and the interface between amorphous and
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crystalline layers. The easier crystallization is believed to be due
to the relatively low density of the films compared with the bulk
material. Therefore, it is highly desirable to have an ALD process
for growing HfO, films with a higher growth rate and with
anti-crystallization properties. It is believed that obtaining a high
Hf density (Hf mass per unit volume of HfO, film) of the film is
beneficial for achieving anti-crystallization properties.

It was previously reported that O is generally a better reactant
than H,O for the ALD of HfO, films for both HfCl; and
organometallic precursor (TDMAH).'>*¢ However, the growth
rate is still low and the films easily crystallize during ALD
and PDA. In this study, a new heteroleptic hafnium precursor,
tert-butoxytris(ethylmethylamido)hafnium (BTEMAH),'” was
used in combination with O3 to achieve a high growth rate and
anti-crystallization behavior. Heteroleptic hafnium precursors
combining tert-butoxy with the other ligands, such as 2-(4,4-
dimethyloxazolinyl)propanolate (dmop) or 1-methoxy-2-methyl-
2-propanolate (mmp), are much more stable in air and moisture
than Hf(O'Bu),.'®"

BTEMAH is a heteroleptic complex of hafnium with one
tert-butoxy and three ethylmethylamido ligands. Its volatility is
intermediate between Hf(O'Bu); and TEMAH, and it shows
higher reactivity than TEMAH due to the presence of the
tert-butoxy ligand.'” It was expected that replacing one of the
ethylmethylamido ligands with a highly reactive tert-butoxy
ligand would improve the growth behavior and properties of
HfO, films. In this study, the growth rate of HfO, from
BTEMAH was ~0.16 nm cycle™! at a growth temperature of
300 °C, which is the highest value for ALD HfO, reported thus
far. The Hf density of the film was also improved. The anti-
crystallization behavior was enhanced due to the high Hf density
of the as-grown films. For comparison, the ALD behavior of
HfO, films using the TDMAH precursor was also examined
using the same ALD reactor under otherwise similar conditions.

Experimental procedure

HfO, films were deposited on p-type 4 inch diameter (100) Si
wafers using a traveling-wave type ALD reactor (Quros Co,
Plus-100) with BTEMAH and ozone as the hafnium precursor
and oxidant, respectively. Prior to deposition, the wafers were
cleaned with standard RCA cleaning and dipping into a dilute
HF solution (HF : H,O = 1 : 10). Ozone was produced using an
induction-type ozone generator (Astex, AX8200) where an
0,-N, gas mixture was introduced and its concentration was
controlled from 150 g m— to 400 g m— by changing the voltages
applied to the ozone generator. An ozone concentration of 330 g
m~?, which was measured using an ozone concentration monitor
(AFX, model H1-X), was used in all experiments. Although Park
et al.*® and Kamiyama et al.*' reported the influence of the ozone
concentration on the growth behavior and film properties in the
case of using TDMAH and TEMAH precursor, respectively,
only the results with a fixed ozone concentration are reported in
this study for clarity. The BTEMAH precursor was kept at 45 °C,
where a vapor pressure of 0.1 Torr was achieved, and carried by
200 standard cubic centimeters per minute (sccm) of Ar carrier
gas. An Ar pulse of 800 sccm was used after the BTEMAH and
ozone pulses to remove the volatile byproducts and any excess
reactants for 5 s and 3 s, respectively. The BTEMAH precursor

was purchased from Asahi-denka Kyogo, Japan. The BTEMAH
and ozone injection times were varied in order to check the
saturated growth behavior. The deposition temperature was
varied from 250 to 350 °C, and the working pressure was ~1
Torr. For comparison, the HfO, films were deposited using
TDMAH and ozone. The HfO, films using the TDMAH
precursor were deposited under the same conditions as the HfO,
films using the BTEMAH precursor but the precursor injection
time was fixed to 0.5 s, which was previously determined to be the
proper ALD condition.'® The growth temperature of 300 °C was
certainly within the ALD process temperature window for
TDMAH. The thermal stability of the films was estimated by
performing PDA under a N, atmosphere using rapid thermal
annealing (RTA) at temperatures ranging from 500 °C to
1000 °C for 1 min.

All the film thickness data in this study, except for the data
shown in Fig. 6, 7 and 10, were obtained using a spectroscopic
ellipsometer (J. A. Woolam, EC-400). The incident angle of the
spectroscopic ellipsometer was fixed at 75° and the data were
fitted using a Cauchy dispersion function. The model structure is
‘Cauchy (x nm)/Si’. Therefore, every reported thickness using
a spectroscopic ellipsometer in this paper includes the interfacial
layer between the HfO, film and Si substrate. The thickness data
shown in Fig. 6 and 10 were measured from high-resolution
transmission electron microscopy (HRTEM, JEOL, 3000F)
images. In the HRTEM images, interfacial layer thickness was
measured from the end of the Si lattice image to the boundary of
the gray contrast between the interfacial layer and upper layer.
The upper layer thickness was measured from that boundary to
the end of the upper layer image. The thickness of every layer in
HRTEM was calculated in reference to the Si substrate (111)
lattice fringe in each image, which is 3.135 A. The thickness data
in Fig. 7 were measured using a single-wavelength ellipsometer
(Gaertner, L-116D). The glancing angle X-ray diffraction
(GAXRD) measurements were carried out using a Philips X’pert
Pro MRD X-ray diffractometer with Cu Ko radiation. The
chemical composition and impurity content in the films were
examined by Auger electron spectroscopy (AES, VG Scientific
Microlab 350). Depth profile using AES was created by sput-
tering using accelerated Ar* ions. HRTEM was used to examine
the crystallinity and interfacial layer changes. The Hf density of
the films was measured by X-ray fluorescence spectroscopy
(XRF, Spectrace, QuanX). The surface morphology of the films
was investigated by atomic force microscopy (AFM, JEOL,
JSPM5100).

In order to examine the electrical properties of the HfO,
films, metal-insulator-semiconductor (MIS) capacitors were
fabricated by depositing 100 nm-thick Pt films using an electron
beam evaporator through a metal shadow mask for the top
electrodes. The area of the Pt electrode was approximately 6.0 x
10* um?, and the accurate area of each measured capacitor was
acquired by optical microscopy. Forming gas (5% H»-95% N,
mixture gas) annealing was performed at 400 °C after top elec-
trode deposition. A Hewlett-Packard 4194A impedance analyzer
and a 4140B picoammeter were used for the capacitance-voltage
(C-V) and current density—voltage (J-V) measurements,
respectively. Five to ten capacitors were measured from each
sample to compensate for local variations. The C-J measure-
ment frequency was 1 MHz.

This journal is © The Royal Society of Chemistry 2008

J. Mater. Chem., 2008, 18, 4324-4331 | 4325



1 (a) LN | []
—_— mn
Em- .
% -
o 9 .
3
= 8 =
= n
T.
0 2 ) 6 8
Time [s]
12
b
— 11-( )
E. o o o o
« 10t
o
[
3 9
=
Fogl
7

2 3456 7 8 9101M1
Time [s]

Fig. 1 (a) Changes in thickness in 50 cycle-deposited HfO, films at
a deposition temperature of 300 °C as a function of the BTEMAH
precursor injection time with a fixed purge time of 5 s. (b) Changes in film
thickness as a function of the Ar purge time with a fixed precursor
injection time of 4.5 s. The time shown on the x-axis corresponds to the
source feeding (a) or purge (b) time.

Results and discussion
Growth and crystallization behavior

Fig. 1(a) shows HfO, films deposited at 300 °C for 50 cycles with
various BTEMAH pulse times to confirm the self-limiting
growth mechanism of ALD. In this study, the ozone pulse and
the purge times of BTEMAH and ozone were fixed at 3, 5, and
3 s, respectively. Fig. 1 shows that the film thickness increases
with increasing the BTEMAH pulse up to 5.5 s, and then satu-
rates near 10.8 nm. This suggests that film growth is self-limited
under these conditions. When the film thickness was saturated,
the thickness non-uniformity [(maximum thickness — minimum
thickness)/2 mean thickness] of the film over a 4 inch wafer
decreased significantly from 25% to 2%. This also confirms that
a stable ALD process window was obtained. Fig. 1(b) shows the
film thickness (50 cycles) as a function of the BTEMAH purge
time with a BTEMAH pulse time of 4.5 s. There is almost no
decrease in thickness at purge times ranging from 2.5 to 10 s,
which suggests that a purge time of 2.5 s is long enough to
remove any excess BTEMAH and byproduct molecules. A purge
time of 5 s was used in this study to guarantee sufficient purging.
However, the ALD cycle time can be further shortened in
a well-established reactor for mass production. Although the
self-limiting growth behavior along the ozone pulse is not shown,
an ozone pulse of 3 s is considered long enough for ALD with the
ozone concentration of 330 g m=3.

Fig. 2 shows the growth temperature dependence of the HfO,
films in Arrhenius form. The natural logarithm of the growth
rate of HfO, films increased linearly with decreasing reciprocal
growth temperature (in Kelvin) up to 320 °C. The calculated
apparent activation energy from the slope was 10.6 kJ mol~'. At
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Fig. 2 An Arrhenius plot showing the growth temperature dependence
of 50 cycle-deposited HfO, film thickness using BTEMAH.
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Fig. 3 The changes in the thicknesses of HfO, films using BTEMAH
and TDMAH grown at 300 °C measured by spectroscopic ellipsometer as
a function of number of cycles.

temperatures ranging from 335 to 350 °C, the apparent
activation energy was 51.8 kJ mol~!, which is possibly due to the
thermal decomposition of the whole BTEMAH molecule.?>*
A growth temperature <320 °C corresponds to the ALD window
considering the self-limiting growth behavior at 300 °C shown in
Fig. 1.

Fig. 3 shows the HfO, film thickness variation as a function of
the number of cycles at a growth temperature of 300 °C. The
ALD growth rate was estimated to be 0.16 nm cycle™' from
the slope in Fig. 3. The growth rate of 0.16 nm cycle ™' at 300 °C is
the highest value reported thus far. The reported growth rates of
HfO, films by ALD are not much higher than 0.1 nm cycle'.°
This is a crucial merit of this precursor for mass production
compared with the others. Also shown in Fig. 3 is the change in
film thickness using the TDMAH and O3 under similar condi-
tions as a function of the number of cycles at the same growth
temperature. The calculated growth rate was 0.10 nm cycle™.

Fig. 4 shows the AES depth profile of the HfO, film grown at
300 °C from BTEMAH and ozone. The carbon and hydrogen
concentrations are not shown in Fig. 4 because they were below
the background noise level. The Si concentration inside the HfO,
film was also less than ~1%. This suggests that the high growth
rate of HfO, from BTEMAH is not due to impurities in the film.

The growth rate estimated from the film thickness is generally
correlated with the density of the grown film. Fig. 5 shows the Hf
areal density (D4) variations in the HfO, films as a function of
the film thickness (7). XRF here cannot detect oxygen. The Hf
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Fig. 4 AES depth profiles of Si, Hf, O of 50 cycle-deposited HfO, film
using BTEMAH precursor at a deposition temperature of 300 °C. The
closed squares, closed triangles, and open circles correspond to Si, O, and
Hf, respectively.
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Fig. 5 The variations in the Hf areal density of the films using BTE-
MAH and TDMAH as a function of the film thickness. The slopes give
bulk Hf density of each film.

areal densities were obtained with HfO, films grown at 300 °C
from BTEMAH and TDMAH. The Hf areal density increased
linearly with the increasing ¢ (and number of ALD cycles), but
the slope depends on the precursor type. It was assumed that the
films consist of an upper layer (UL) of HfO, and an interfacial
layer (IL) between HfO, and Si substrate. The volume densities
of Hf in the upper layer (dyr) and the average value (d,,) in the
remaining part of the film (IL and transition region between the
UL and IL) were obtained from the slope and y-axis intercept in
Fig. 5, respectively, using the simple equation: Da = (t — t;p —
to)dur + (fiLt ty)day, Where t1, and ¢, are the thickness of the
interfacial layer (determined from the y-axis intercept of Fig. 3)
and transition layer between the UL and IL, respectively. ¢, was
assumed to be 0.5 nm. This is because the ;. estimated from the
y-axis intercept of Fig. 3 corresponds to the initially grown IL
thickness at the early stages of film growth. However, 7, is
formed during the subsequent HfO, growth step, and this layer
must have a different Hf density from those of the UL and IL.
dyp was assumed to be independent of the thickness, and d, is
a measure of the degree of Hf diffusion into the IL region during
film growth.

The calculated Hf densities of the upper layer (dyr) and d,,
were 7.6 and 1.4 g cm~3, respectively, for BTEMAH, and 6.2 and
2.3 gem 3, respectively, for TDMAH. It should be noted that the
ideal Hf bulk density of HfO, was estimated to be 8.21 g cm™?
from the ideal HfO, density of 9.68 g cm—3.2* The absolute value
is subjected to some degree of error because an arbitrarily
assumed value of 0.5 nm was used for #,. Therefore, only

a relative comparison between the two types of samples has
relevance. The HfO, films from BTEMAH not only have a high
thickness growth rate but also a higher Hf density. This means
that the high growth rate of HfO, films using BTEMAH is not
caused by the formation of porous films during deposition. The
non-negligible d,, values suggest that hafnium atoms diffuse into
interface layer that was formed by the oxidation of Si substrate
during ALD. A higher d,, value for the films grown from
TDMAH compared with that from BTEMAH suggests that the
diffusion of Hf atoms is more serious, possibly due to the less
dense and crystalline structure of HfO, layer, as will be shown
later. The films grown from BTEMAH were not crystallized over
the entire thickness region shown in Fig. 5. The difference in the
Hf density of the upper HfO, layer and the interfacial layer
largely affects the crystallization behavior and dielectric
constants, as will be shown later.

Fig. 6(a) shows the GAXRD data of the as-deposited HfO,
films from BTEMAH at various thicknesses, and a 12.3 nm-thick
film after annealing at 900 °C. It is generally accepted that the
crystallization of HfO, films degrades their electrical properties.
Cho et al. reported that HfO, films grown from HfCl, and H,O
crystallize when the film thickness is greater than ~5 nm,* and the
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Fig. 6 (a) GAXRD spectra of 12.2, 14.6, 17.9 nm-thick as-deposited
HfO, films, and 12.3 nm-thick post annealed HfO, films (900 °C) using
BTEMAH precursor. The peak positions of the HfO, monoclinic
structure are included at the bottom. (b) Variation in the RMS roughness
of the as-deposited HfO, films using the BTEMAH precursor as a func-
tion of the film thickness.
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films from TDMAH and ozone crystallize when its thickness is
greater than ~8 nm.* Moreover, almost all HfO, films using
these precursors (HfCl; and TDMAH) crystallized completely
after annealing at temperatures >600 °C. However, there is no
crystalline peak in the diffraction patterns in Fig. 6(a) for the
as-grown HfO, films from BTEMAH even at a thickness of
14.6 nm. The thicker as-grown film (17.9 nm) and film (12.3 nm)
annealed at 900 °C crystallize in a monoclinic phase. The
observed peaks were assigned to the (111), (111), (002) and (112)
planes of monoclinic HfO,. Carbon or other impurities in the
film have a low concentration, below the AES detection limit
(~1 atomic%, Fig. 4). Hence, the suppression of crystallization is
not caused by the presence of impurities. However, GAXRD
might not be accurate enough to detect crystalline phases in
ultra-thin films (<10 nm). Therefore, the crystallization behavior
of the films was further confirmed by AFM and wet-etching
experiments.

Fig. 6(b) shows the change in the root-mean-square (RMS)
roughness of the as-grown films as a function of the thickness
obtained by AFM. The result shows that the films maintain
a very smooth surface (<0.6 nm) up to a thickness of ~14 nm,
which coincides with the critical thickness for crystallization.
After crystallization either by increased thickness or annealing,
the film morphology becomes granular and the RMS rough-
ness increases abruptly. This agrees well with the GAXRD
results.

Wet etching of the films, using an aqueous hydrofluoric acid
solution (HF : H,O = 1 : 10), is a good way of testing the
crystalline state of the HfO, film because crystalline films are
barely etched whereas amorphous films are well etched.?® This
property of HfO, allows the confirmation of crystalline films,
particularly when the film thickness is too thin for the use of
standard X-ray diffraction. Fig. 7(a) shows the changes in film
thickness as a function of the wet-etching time for the 10.5, 14.6,
and 17.9 nm-thick as-grown films, and an annealed film
(12.3 nm) at 900 °C. Although the data are not shown here, wet
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Fig. 7 (a) Changes in the HfO, film thickness using BTEMAH as
a function of the wet-etching time. The etch rate of 10.5 nm (), 14.6 nm
(A), and 17.9 nm (O) thick as-deposited HfO, films was ~0.22, 0.089,
and 0.034 nm s', respectively. The 12.3 nm-thick film () was not etched
at all after annealing at 900 °C. (b) Changes in the HfO, film thickness
using BTEMAH as a function of wet-etching time after annealing at
500 °C (A), 600 °C (O), 700 °C (%), 800 °C (#) and 900 °C (3¥) and the
as-deposited film (). The film annealed at 800 °C was almost completely
etched after 15 min (inset).

etching of thinner films is very fast. When the film was 10 nm
thick, it was etched almost completely within 60 s. The etch rate
of the as-grown films decreases with increasing thickness, and
finally a certain thickness remains even after prolonged etching.
For example, the thickest film (17.9 nm) was etched slowly, and
etching was eventually stopped at a thickness of 13.5 nm while
the 14.6 nm-thick film was almost completely etched away within
~2 min. The annealed film (12.3 nm) at 900 °C was not etched
due to its highly crystalline structure. From the GAXRD, AFM,
and etching experimental results, it is believed that as-grown
films thinner than ~13 nm are completely amorphous, the
~15 nm-thick film is slightly crystallized, and the ~17 nm-thick
film is highly crystalline. Consequently, the critical thickness for
as-grown crystallization during ALD is increased to ~15 nm only
using BTEMAH due to the high density of as-grown films. The
higher density of the film suppresses the migration of constituent
ions in the as-deposited film, which is essential for crystallization.
It should be noted that the value of the critical thickness is almost
triple and double that of the corresponding thickness of HfO,
films from HfCl4; and TDMAH, respectively.

Fig. 7(b) shows the anti-crystallization property against
annealing at high temperatures. As-grown films from BTEMAH,
in which initial thicknesses were 4-4.5 nm, were annealed for
1 min at 500, 600, 700, 800, and 900 °C, and wet-etched using the
same etching solution. The change in thickness as a function of
the wet-etching time shows that the etching rate decreases slightly
with increasing annealing temperature up to 700 °C. However,
the films are essentially well etched below this temperature. When
the annealing temperature was increased above 800 °C, the
wet-etching rate decreased abruptly suggesting that the film
crystallized at this temperature. Therefore, it is believed that the
amorphous phase of the as-grown HfO; films is maintained up to
an annealing temperature of 700-800 °C. The inset in Fig. 7(b)
shows the wet etching test results up to 25 min. The annealed
film, even at 800 °C, was almost completely etched away in such
a long etching time. The film annealed at 900 °C was not etched
away after the same long etching time. This suggests that at least
900 °C is needed for the complete crystallization of films <5 nm
in thickness grown from BTEMAH. This is in contrast to the
crystallization behavior of HfO, films grown from HfCl, and
TDMAH which are well crystallized by annealing even at
700 °C.**

The crystallization behavior of HfO, films grown from
BTEMAH and TDMAH was further confirmed by HRTEM.
Fig. 8(a), (b), and (c) show HRTEM images of the as-grown films
from BTEMAH and the annealed films at 700 and 1000 °C,
respectively, for 1 min, and (d), (e), and (f) show the corre-
sponding images of films grown from TDMAH. The films were
composed of two layers (interfacial layer and upper layer) as
mentioned above. The interfacial layer is believed to be SiO,_,
with a low Hf concentration for the case of BTEMAH or SiO,_
with relatively higher Hf concentration in the case of TDMAH,
as shown by the low and high Hf density in these interfacial
layers (Fig. 5). It is clearly shown that the upper layers of HfO, in
both cases are amorphous in the as-grown state. After annealing
at 700 °C, the HfO, films from BTEMAH still remains in the
amorphous structure, whereas the HfO, film from TDMAH is
totally crystallized at the same temperature. Both films were
crystallized by annealing at 1000 °C.
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Fig. 8 Cross-section HRTEM images of HfO, films using the BTE-
MAH precursor (a) in the as-grown state (at 300 °C), and after annealing
at (b) 700 and (c) 1000 °C. Images (d)—(f) show the corresponding films
using TDMAH.

Another notable finding from the HRTEM images is the
variation in the thickness of each layer after annealing. During
ALD, the interfacial layer grows by oxidation of the Si substrate.
When the upper layer with a certain thickness is formed, oxygen
atoms should diffuse through the grown upper layer for
interfacial layer growth. The interfacial layer thickness in the
case of BTEMAH was thinner than that in the case of TDMAH.
The interfacial layer thicknesses of the as-deposited films,
and films after PDA at 700 and 1000 °C in the case of the
BTEMAH precursor, were 1.1 £0.1,0.8 £ 0.1,and 1.2 + 0.2 nm,
respectively, and those of the films using the TDMAH precursor
were 1.5 + 0.1, 1.4 £ 0.1, and 1.9 + 0.1 nm, respectively. This
shows that oxygen diffusion through the HfO, layer grown
from BTEMAH is much less active than the HfO, layer grown
from TDMAH. This can be explained by the difference in Hf
density and crystallinity. The interfacial layer thickness from
BTEMAH is almost invariant up to 700 °C, which suggests that
the amorphous-structured upper layer works as a good diffusion
barrier for oxygen. However, after annealing at 1000 °C, the film
is totally crystallized and the interfacial layer thickness increases
slightly through enhanced oxygen diffusion probably along the
grain boundaries. For the films grown from TDMAH, the upper
layer thickness decreased during high temperature annealing due
to the densification effect. This also suggests that the as-grown
film from TDMAH has a lower Hf density than that of the film
grown from BTEMAH, as shown in Fig. 5. The upper layer of
the film from TDMAH, which has a low Hf density, shrinks
when it transforms to a stable crystalline structure. Fine cracks
and defects can be generated as a result of this sudden shrinkage,
which creates more diffusion paths in the film. Therefore, the
interfacial layer thickness increases abruptly at 1000 °C due to
the complete crystallization and enhanced diffusion of oxygen
through the less dense and thin crystalline layer. All these
structural changes have a significant influence on the electrical
properties of the films.

Electrical properties

The electrical properties of HfO, films were investigated with
a capacitor structure of Pt (100 nm)/HfO,/Si substrate. In
general, the dielectric properties of high-k films are compared
using the capacitance equivalent thickness (CET), which is the
thickness of SiO, required to obtain an equivalent capacitance
(C) measured from a high-k dielectric capacitor. Therefore, the
CET can be determined using a simple equation: CET = Aeykox/
Ch, Where A4 is the top electrode area, ¢, is the permittivity of
a vacuum and k,, is the dielectric constant (3.9) of SiO,. This is
because from the definition of the CET, C,, = Aeoknror/taror =
Aeokox/CET, where kyror and fyron are the dielectric constant
and physical thickness of the HfO,, respectively.

In Fig. 9, the CET values of the HfO, films were obtained from
the accumulation capacitances of the capacitance—voltage
curves. The leakage currents in the accumulation region were not
so high as to adversely affect the measurement of the accumu-
lation capacitances. Fig. 9(a), (b), and (c) show changes in the
CET of HfO, films grown from BTEMAH and TDMAH as
a function of the film thickness for the as-grown films and films
annealed at 700 and 1000 °C, respectively. Fig. 9(d) shows the
C-V curves of the film annealed at 700 °C using BTEMAH and
TDMAH precursors, respectively. Here, the films were deposited
by 53 cycles. There is negligible hysteresis in the C-V of the film
using BTEMAH, which suggests that charge trapping is
minimized, whereas the hysteresis of the film using TDMAH was
~50 mV. The flat band voltage of the HfO, film using TDMAH
was shifted into the positive voltage direction compared with that
of the film using BTEMAH, which suggests that the film has
a higher negative fixed charge density.
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Fig.9 Changes in the CET of (a) as-grown, (b) 700 °C annealed, and (c)
1000 °C annealed HfO, films using BTEMAH (closed circles) and
TDMAH (open circles), respectively, as a function of the film thickness.
(d) C-V curves of the HfO, films annealed at 700 °C using BTEMAH
(closed circles) and TDMAH (open circle). Labels (x), (y) and (z) in (a)
denote the thickest film using BTEMAH, the thickest film using
TDMAH, and the 8.4 nm-thick film using TDMAH, respectively.
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Fig. 10 HRTEM cross-section images of the as-deposited HfO, films
using (a) BTEMAH (10.8 nm), (b) TDMAH (11.2 nm) and (c) TDMAH
(9.1 nm). The CET values of these films correspond to points (x), (y) and
(z) in Fig. 9(a), respectively.

If the interfacial layer thickness is assumed to be constant with
the total film thickness under the given annealing conditions, the
inverse slope of the linear fit of each graph in Fig. 9(a—c) should
correspond to the dielectric constant (k) of the upper layer.
However, the CET variation with the total film thickness is not
linear over the entire film thickness range. However, the
distinctive points from the linear slope suggest that the films have
different structures at different thicknesses depending on the
annealing conditions. The thinnest as-grown film from
BTEMAH shows an unexpectedly large CET value so that it
deviates from the linear trend (Fig. 9(a)). This might be due to the
high proportion of the interfacial layer in the film. In Fig. 9(b),
the point of this thinnest film is more distinguishable from the
trend of the other points because the film remained amorphous
after annealing at 700 °C while the others crystallized and
densified. The film finally crystallized after annealing at 1000 °C.
Hence, its CET decreased due to densification and followed the
trend. This agrees well with the HRTEM images of the thin HfO,
films using BTEMAH in Fig. 8(a)—(c). Among the as-grown films
using TDMAH, the thickest film had a crystalline upper layer in
the as-deposited state. Therefore, it also deviates from the linear
trend (Fig. 9(a)). The crystalline upper layer induces more serious
Si and O diffusion along the grain boundaries so that the CET of
this film is higher than that expected from the linear trend.
Indeed, the HRTEM images in Fig. 10 confirmed that the
thickest film using TDMAH (point (y)) is the only one that
crystallized in the as-deposited state among the films shown in

Fig. 9(a). Fig. 10(a) shows a HRTEM image of a 10.8 nm-thick
as-grown film from BTEMAH, which corresponds to point (x)
shown in Fig. 9(a). Fig. 10(b) and (c) show images of 11.2 and
9.1 nm-thick as-grown films from TDMAH, which correspond to
points (y) and (z), respectively, in Fig. 9(a). The 8.6 nm-thick film
from TDMAH (point (z)) is still amorphous but the thickest film
(point (y)) became crystalline and its interfacial layer increased.
In contrast, the upper layer of the as-grown film (point (x)) from
BTEMAH was amorphous and its interfacial layer was relatively
thin despite its thickness being similar to that of the thickest film
from TDMAH (point (y)). Therefore, the increase in interfacial
layer thickness during crystallization makes the largest contri-
bution to the rapid increase in the CET of the as-grown film
(point (y)) from TDMAH. After annealing at 1000 °C, all the
films had a crystalline structure, and linear trends were observed
in the whole thickness region for the two film types. The calcu-
lated k values of the fully crystallized HfO, films from BTEMAH
and TDMAH were ~21 and ~19, respectively, after 1000 °C
annealing. The slopes of the two films showed similar k values
but the y-axis intercept of the films from TDMAH was much
higher than that of the films from BTEMAH, as in Fig. 9(c). This
suggests that the interfacial layer of the films from TDMAH
increased seriously due to Si and O diffusion after high temper-
ature annealing.

A general trend in the whole film thickness range can be
described despite some of outlying points in the CET vs. thickness
graphs. The CET values of the as-grown films from BTEMAH
are generally larger than those of the as-grown films from
TDMAH in the whole film thickness region in Fig. 9(a). However,
the trend reversed after annealing, particularly after annealing at
1000 °C. The CET of the annealed films grown with TDMAH
were much larger than those of the annealed films grown with
BTEMAH over the whole thickness range. In the case of the films
grown with BTEMAH, the amorphous structure suppresses the
diffusion of O and Si effectively and the high Hf density prevents
shrinkage of the upper layer of the film during crystallization. As
a result, the films grown with BTEMAH have better thermal
stability, which is a crucial merit of the BTEMAH precursor.

The denser and more amorphous-like nature of the films
grown from BTEMAH also improves the leakage current
properties. Fig. 11(a), (b), and (c) show the J-V curves of the
as-grown films (corresponding to points (x) and (y) in Fig. 9(a)),
as well as the J-V curves of the films annealed at 700 and
1000 °C. The J value of the as-grown film from BTEMAH was
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Fig. 11 Leakage current densities of the HfO, films using BTEMAH at point (x) (—) (in Fig. 9(a)) and using TDMAH at point (y) (- - -) (in Fig. 9(a));

(a) as-deposited, and annealed at (b) 700 °C, and at (c) 1000 °C.
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10 times lower than that of the as-grown film from TDMAH.
The difference was maintained even after annealing. Although
the data are not shown, the thinner films showed an even larger
difference. It should be noted that the flat band voltage of
the film using TDMAH was higher (more positive) than that of
the film using BTEMAH (Fig. 9(d)). Hence, a correction of the
applied voltage using the flat band voltage shift induces an even
larger difference in leakage current between the two films. More
detailed information on the leakage conduction behavior of
the films grown from BTEMAH will be reported elsewhere.

Conclusions

A new heteroleptic hafnium precursor of tert-butoxy-
tris(ethylmethylamido)hafnium [HfO'Bu(NEtMe);; BTEMAH]
and ozone were used to grow HfO, thin films on Si substrates by
ALD. The growth behavior and various structural, chemical,
and electrical properties of the films were compared with those of
the films grown from another hafnium precursor of tetrakis(di-
methylamido)hafnium (TDMAH). The use of BTEMAH resul-
ted in the highest growth rate of 0.16 nm cycle™' among those
reported for HfO, ALD, which is a crucial merit of this
precursor. The HfO, films deposited using BTEMAH also
showed almost 20% improvement in the Hf density in the films
compared with the films grown from TDMAH. In addition, the
as-grown films from BTEMAH maintained an amorphous
structure up to a thickness of ~15 nm due to the higher density.
They also showed enhanced resistance to crystallization during
annealing up to 800 °C, which resulted in excellent thermal
stability of the dielectric performance. The CET values of the
films with thicknesses ranging from 4 to 13 nm showed a negli-
gible increase up to 1000 °C. To our knowledge, this level of
thermal stability has not been reported for a single HfO, layer.
All these improvements in the growth behavior and electrical
performance of the HfO, films were attributed to the heteroleptic
hafnium precursor, BTEMAH.
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